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Abstract—This paper focuses on different parameters to 
describe the sensitivity of a powertrain, consisting of a two-level 
voltage source inverter and an AC motor, to an electrical bearing 
damage due to bearing currents. This damage is mainly caused 
by fluting of the bearing raceways. Two characteristic 
parameters for electrical bearing damage have been introduced: 
apparent bearing current density Jy, apparent bearing power Sp 
and the related electrical bearing wear which are compared and 
discussed. Both have in common the electrical bearing current 
amplitude. This current is measurable via modifications at the 
bearing shields. Long-term tests with different apparent bearing 
current densities lead to a probabilistic prediction of critical 
values, above which bearing damage may occur due to fluting. 
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I. INTRODUCTION 


Inverter-fed electrical motors are exposed due to the high 
du/dt of the common-mode (CM) inverter output voltage to 
electrical bearing currents, which are harmful for the machine 
bearings, if they exceed certain limits [1], [2], [6]. In order to 
compare different types and sizes of bearings with respect to 
bearing currents, characteristic parameters have been 
introduced. The apparent bearing current density (2) is the 
bearing current amplitude per Hertz’ian contact area in the 
bearings. It does not distinguish between different types of 
electrical bearing currents such as DC, low frequency (LF) AC 
and high frequency (HF) AC bearing currents. But it is 
important to classify which kind of bearing currents occur, 
because they have different occurrence rates and different 
energies per bearing current event. At inverter operation there 
are four major HF AC bearing current types, 1) capacitive 
bearing currents, 2) discharge bearing currents (EDM currents: 
electric discharge machining), 3) high frequency circulating 
bearing currents and 4) rotor-to-ground bearing currents. In the 
first two cases 1) and 2) the bearing acts as a capacitor without 
1) and with 2) discharge. The common-mode inverter output 
leads to a bearing voltage, which is essential for these two 
bearing current types. In cases 3) and 4) the common-mode 
voltage of the inverter drives a common-mode bearing current 
either by a transformer-loop via an induced shaft voltage 3) or 
directly 4) via a grounded rotor. The bearing behaves resistive 
via ignited short-arcs in the bearing lubricant. 

The tribological bearing conditions such as boundary 
friction at low speed and with increased speed mixed friction 
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and fluid friction influences also the occurring type of bearing 
current [4]. Bearing currents depend on bearing types such as 
radial ball bearings, cylindrical roller bearings, or other 
geometries, on bearing forces such as radial vs. axial force, 
huge and low bearing force, on the properties of bearing 
lubricants such as viscosity and electrical conductivity and 
electrical grounding conditions of the whole powertrain. 

A bearing damage usually becomes noticeable by an 
increase of mechanical vibrations of the motor end shields and 
housing [5]. The other less harmful effects are a grey racetrack 
called “frosting”, which is made up of small pits < 1 um due to 
sparking or a damage of the lubricant due to changing of the 
lubricant molecule structure, caused by these current passages 
and locally increased hot spots. A typical serious bearing 
damage is fluting (Fig. 1), mainly on the raceway in the load 
area of the outer bearing ring. 


Rolling direction 


Fig. 1. Bearing damage due to fluting on the raceway of outer bearing ring 
after 954 operating hours with rotor-to-ground bearing currents. Average 
apparent bearing current density of 1.03 A/mm”, radial ball bearing type 
6317 C3, bearing temperature 70 °C, inverter switching frequency 4.5 kHz. 


Il. ELECTRICAL PARAMETERS TO DESCRIBE THE HARMFULNESS 
FOR BEARINGS 


In order to quantify the harmfulness of electrical bearing 
currents to roller bearings, different characteristic parameters 
were introduced, which will be surveyed in the following [1], 


[2]. 
A. Apparent Bearing Current Density 


The electrical power density, which is locally introduced in the 
bearing raceway per Hertz’ ian contact area Ayer, 1S given by 


t (t) t 
PO SaO L w(t) Jolt), (1) 
Hertz Hertz 
Jo = t/Attenz , (2) 


where (2) is called the “apparent” bearing current density (e. g. 
peak value J, in AC currents), as it is related to the area Apenz 
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and not to the real, much smaller contact spot area [14]. The 
Hertzian contact area Ayer, is the sum of the elastic 
deformation areas of all loaded roller elements between the 
inner and outer raceway. For DC and LF AC bearing currents 
the characteristic us(J») (Fig. 2) depends on lubrication state, 
bearing temperature and bearing force. It shows typically, that 
the bearing voltage u» is nearly constant above a certain 
minimum bearing current density of 0.1 A/mm’. Above 
roughly J,>0.1 A/mm? the bearing voltage reaches a 
maximum value and stays constant at typically 1 V, as the 
number of electrical contact points increase with current and 
rise in cross section area according to R. Holm’s contact theory 
[15]. Hence due to the then nearly constant u, the electric 
power density is depending mainly on p, ~ J, and decreases 
strongly below J < 0.1 A/mm’. 
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Fig. 2. Measured bearing voltage 0, over apparent bearing current density 


J, for DC and AC 100kHz current at an axial bearing type 51208, axial 
bearing force F,=800N, rotational speed n= 1500 min", average bearing 
temperature 9,=45 °C, Anez = 1.648 mm’. Bearing full lubricated with 
mineral oil. 


So below J, < 0.1 A/mm? with DC and LF AC bearing currents 
usually no bearing raceway damage is observed, whereas 
above J > 0.1 A/mm? the local power and hence the bearing 
damage by surface pits and local surface melting or by 
deteriorating the oil of the lubricant increases. Typical bearing 
current density limits from field experience and lab long-term 
tests are shown in Table I [2], [8] and have been quantified for 
DC and LF AC bearing currents. So the apparent peak bearing 
current density J (2) allows to consider electrical endangering 
of different bearing types at bearing forces for a given bearing 
current amplitude ñ [3]. 


TABLE I. LIMITS FOR APPARENT BEARING CURRENT DENSITY 
Jy > 1.0 A/mm? May significantly reduce bearing life 
0.1 A/mm? < f, < 1.0 A/mm? May probably reduce bearing life 
Fi < 0.1 A/mm? Do not influence bearing life 


The Hertz’ian contact area for radial ball bearings will be 
discussed by an example [4]. Fig. 3 shows a radial ball bearing 
with nine balls, e.g. type 6205 C3. The inner ring rotates with 
the rotor speed n, the outer ring is fixed in the bearing shield. 
The radial force F, acts on the inner ring due to the rotor 
weight, the rotor imbalance force, the additional single sided 
magnetic pull due to unwanted rotor eccentricity and other 
radial loads e.g. in belt drives. An axial force F, acts also on 
the inner bearing ring due to an axial spring disk, but also due 
to axial loads e.g. in fan drives. 

For example with bearing forces F, = 63 N and F, = 50N, the 
Hertz’ian contact area is calculated as the sum of contact areas 


of all loaded balls between inner ring and balls as 0.4033 mm’, 
for the sum of contact areas at the outer bearing ring as 
0.4465 mm?, which is a difference of only 10%. For the 
apparent bearing current density calculations the smallest 
current passage area is used, which is here the sum of contacts 
at the inner bearing ring of all loaded balls. Table II shows the 
load on each single ball, calculated with an analytical in-house 
program based on [11]. 


Fig. 3. Sketch of a radial ball bearing with 9 balls, e.g. bearing type 
6205 C3, which is typically used in standard 1.5 kW-cage induction machines 
totally enclosed, fan-cooled (TEFC). 


TABLE II. CALCULATED LOAD DISTRIBUTION IN RADIAL BALL 
BEARING 6205 C3 WITH RADIAL AND AXIAL BEARING FORCE 
F=63 N, Fy, =50N 


Ball No. Force / N Abtertz,in / MM? Abtertz,out / MM? 
1 37.70 0.0654 0.0724 
2 33.62 0.0606 0.0671 
3 23.99 0.0484 0.0536 
4 14.46 0.0345 0.0382 
5 9.16 0.0255 0.0282 
6 9.16 0.0255 0.0282 
7 14.46 0.0345 0.0382 
8 23.99 0.0484 0.0536 
9 33.62 0.0606 0.0671 

Total: 0.4033 0.4465 


B. Electrical Bearing Stress at Inverter Operation 


At inverter operation the bearing current flow occurs 
discontinuously due to the build-up of the bearing voltage w,(A) 
in relation to the inverter output common-mode voltage ucy(A) 
[2] 

u(t) = BVR + ucy(t) . (3) 


The bearing voltage ratio BVR in the range of 1% ... 10% in 
case of stator-fed inverter-operated AC poly-phase machines is 
determined by the machine’s parasitic capacitances at fully 
intact, hence fully electrically insulating lubrication film in the 
bearings. The value of “apparent bearing current density” J, 
does not distinguish between the different kinds of bearing 
currents, i.e. the continuously occurring DC and LF AC 
bearing currents at DC supply or 50 Hz... 60 Hz AC supply 
and the discontinuously occurring HF AC and impulse bearing 
currents at inverter supply. We expect a big difference in 
bearing raceway damage, whether between two sparking events 
at inverter supply there is sufficient time to have a smoothening 
roll-over of several roller elements via the crater rim of the 
spark spot on the raceway or not. 

Fig. 4 shows a typical measured discharge current event in a 4- 
pole 1.5 kW-induction machine with the bearing 6205 C3 of 
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Fig. 3 at constant rotor speed of n= 1500 min", at a bearing 
temperature of 9%, = 60 °C and an inverter DC link voltage of 
560 V. The bearing type 6205 C3 is lubricated with mineral oil 
based lubricant Arcanol MULTI3. The bearing current is 
measured via a by-pass loop with a current probe. Further 
details of measurement are explained in [2]. To simplify the 
calculation, the current flow duration fp in Fig. 4 is taken as 
time constant of the decaying bearing current i,, which yields 
an assumed exponential decrease e~‘/*P for the envelope of up 
and i,. Figure 5 shows a measured typical rotor-to-ground 
bearing current at the same test conditions like Fig. 4, but with 
additional rotor grounding. The duration time fp of current flow 
is roughly two times higher for rotor-to-ground bearing 
currents than for discharge bearing currents. 

Both are very short in the range of tp=0.1 us... 0.2 us. 
The peak bearing voltage U, at these very short impulses is 
bigger than at steady state conditions of Fig. 2, instead of 
0.9V...1.0V it is 1.5V...2.0 V at current flow, but still in 
the same order of magnitude. So with similar apparent current 
density peaks 4, of 0.5 A/mm’... 0.7 A/mm? similar power 
densities p, occur. The main difference is the much lower 
occurrence rate of the discharge bearing current. The number 
of statistically occurring bearing current events M, per second 
is, as shown in [7], the occurrence rate M,/Tm of counted 
discharges per measuring time Tm. It is not constant over time ¢. 
We measured three times per week during long-term tests with 
discharge bearing currents with a predefined minimum bearing 
current trigger of i, min =20mA ... 80mA always 50 bearing 
current events and the elapsed measuring time Tm, thus 
calculating the occurrence rate N/T as an average 50/Ti av 
with Tinay~ 1s. This occurrence rate is determined by the 
breakdown electric field strength in the lubricating oil film. 


With rotor-to-ground currents, the total HF impedance Zem of 
the CM current path from the inverter output to the grounding 
electrical potential determines, whether a rotor-to-ground 
current i,, may flow at a given ucm or not (Fig. 6). If the 
bearing lubrication film is insulating, only the winding CM 
inductance and the grounding resistance determine the 
capacitive bearing current rise at a step-like change of ucm 
during a switching instant. The bearing itself will act at this 
instant as a short-circuit. This current flow brings the bearing 
into a conductive and therefore ohmic state, as shown in Fig. 5, 
where u, and i, are roughly proportional, which is not the case 
at the discharge current in Fig. 4. This rotor-to-ground current 
flow occurs at each inverter switching, hence at the switching 
frequency, in our case fs = 10 kHz, instead of only ca. 50 times 
per second much more often, i.e. for CM 6:f/,= 60 000 per 
second. 

In the considered bearing 6205 C3 with an inner/outer 
raceway diameter of 30 mm / 45.5 mm and 9 balls with 8 mm 
diameter (Fig. 3) at a speed of 1500 min" the balls move 
between two discharge incidents ca. 13.3 mm, corresponding to 
4.5 balls passing over the sparking spot crater, which will allow 
to smooth the surface. With rotor-to-ground currents the balls 
move between two CM switching incidents only 50 um, so 
there is no roll-over via the crater rim during 1200 switching 
events. This is a situation similar to DC or 50 Hz AC operation, 
where sparking occurs quasi continuously. Thus we conclude 
that the DC and LF AC apparent current density limits of 
Table I must also hold for rotor-to-ground and circular bearing 
currents, but not for discharge currents. 


This is confirmed by tests in our lab during the recent years. 
With only discharge bearing currents occurring with 
J,=0.11...2.17A/mm? and elapsed operation hours 
flop = 50 ... 2000h only grey “frosting”, but no fluting at the 
bearing raceways occurred at our test benches with 4-pole 
1.5kW-, 11 kW-, 15kW-, 110kW-standard cage induction 
machines (IM). With rotor-to-ground bearing current densities 
in the same order of magnitude, fluting was observed within 
2000 hours of operation at fe = 10 kHz (see Table VIII). 


T T T T T 
Bearing voltage 
6 f = 


Uv max 


Ub,DE / V —b 


2 
a) -0.6 -0.4 -0.2 0 0.2 04 06 08 


0.6 T T T 


+ Bearing current | 


ib DE / A— 


b) O46 04 02 0 02 04 06 O8 
time ź/us —> 
Fig. 4. Measured typical discharge a) bearing voltage 14 and b) bearing current 
i, at an inverter-fed 1.5kW-induction motor. Constant rotor speed 
n= 1500 min", DE bearing type 6205 C3, bearing temperature % = 60 °C, two- 
level voltage source inverter with 5kHz switching frequency and 560 V DC 
link voltage. Calculated apparent bearing current density J, = 0.5 A/mm?. 
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Fig. 5. Measured typical rotor-to-ground bearing current at an inverter-fed 


1.5 kW-induction motor. Same test conditions like Fig. 4 but with additional 
rotor grounding. Calculated apparent bearing current density J, = 0.7 A/mm?. 


Hence the damaged bearing raceway surfaces by discharge and 
by rotor-to-ground bearing currents differ from each other. 
With small craters on the raceway, damaged by discharge 
bearing currents due to sparking, the electrical discharge 
current flows only at one small spark channel per discharge 
event [9]. The melted surface with its crater pits is rolled over 
by the roller elements, leading to a grey, but smooth surface of 
the raceway, called grey “frosting” of the raceway [12]. For 
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rotor-to-ground bearing currents and circulating bearing 
currents the contact area suffers from bearing current sparks 
without intermediate smoothening of the surface. This is 
similar to the DC and LF AC case, where these sparks “burn” 
nearly continuously [13]. Therefore like in these cases, fluting 
of the surface (Fig. 1) was observed in our lab tests. So EDM 
currents of the same amplitude as circulating or rotor-to-ground 
bearing currents are less harmful due to a much smaller 
occurrence rate. Capacitive bearing currents occur also at 6- 
times switching frequency, but usually with a small 
amplitude <50 mA, as the bearing capacitances are usually 
small in the range of pF. So their influence on damage is 
negligible, but perhaps not on HF EMC issues. 


C. Apparent Bearing Power 


The apparent bearing power (4) was introduced for EDM 
currents to consider the switching behavior of the bearing 
lubrication film [1]. The bearing voltage Usmas (Fig. 4) at 
breakdown of the insulating lubrication film occurs, before an 
electrical bearing discharge current flows. After the discharge 
the voltage mu, at the spark is much smaller u < Üo ies (e.g. 
typically 2 V, Fig. 4) when the bearing current peak /, occurs. 
Hence (4) is a fictive power, which is assumed to be 
proportional to the real dissipated power p,(¢) of the spark. 
Table III shows the apparent bearing power limits, which were 
obtained from a single bearing test bench with the bearing type 
6210C3. The test conditions are a constant bearing 
temperature 3% = 60°C and a constant rotor speed 
n=2250min'. Via a static shaft unbalance and excited 
mechanical bearing vibrations due to a shaker a probabilistic 
discharge behavior in the bearing was arranged with an 
occurrence rate of (0.25 ... 0.15) - fẹ over operation time [10]. 
The switching frequency of the applied voltage pulses from a 
capacitor discharge is f, = 2.5 kHz. 

Due to these EDM currents nearly no fluting occurred, but 
mainly grey frosting. The number and size of pits and craters 
was used to determine the severity of EDM current impact, 
related to (4). 


TABLE IV. LIMITS FOR APPARENT BEARING POWER DENSITY 


6» > 120 (VA)/mm? May significantly reduce bearing life 


40 (VA)/mm? < 6, < 120 (VA)/mm? May probably reduce bearing life 


6» < 40 (VA)/mm? Do not influence bearing life 


With measured discharge voltage levels Ü ries = 18V at 
40(VA)/mm? and Ü, max = 28 V at 120(VA)/mm’ related 
apparent bearing current densities are f, = 2.2 A/mm? and f, = 
4.3 A/mm’, Table V. The much higher critical current density 
limits in comparison to Table I are obviously due to the much 
lower occurrence rates of the discharge currents in comparison 
to DC and LF AC bearing currents. 


TABLE V. APPARENT BEARING CURRENT DENSITY LIMITS FOR EDM 


CURRENTS RELATED TO TABLE IV 


A, > 4.3 A/mm? May significantly reduce bearing life 


2.2 A/mm? < J, < 4.3 A/mm? May probably reduce bearing life 


Js < 2.2 A/mm? Do not influence bearing life 


Sp = oo ` h (4) 
TABLE IIL. LIMITS FOR APPARENT BEARING POWER, ESPECIALLY FOR 
BEARING TYPE 6210 C3 
Sp > 60 VA May significantly reduce bearing life 
20 VA < $, < 60 VA May probably reduce bearing life 
Sp <20 VA Do not influence bearing life 


For comparison between different bearing sizes we suggest a 
new reference value by dividing the apparent bearing power by 
the Hertz’ian contact area Apert, according to (1), which results 
in the apparent bearing power density 6, (5), which contains 


(4). , 


on = Se / Avtertz = Osan . Jy (5) 
where 


Û, max = bearing voltage amplitude before current flow, 
J, = peak apparent bearing current density. 


Due to the static shaft unbalance and the shaker the Hertz’ian 
contact area Ayez occurred in a range of 0.0 mm?’ (without 
mechanical load) up to 0.81 mm’. Table IV shows the limits for 
the apparent bearing power density, calculated with a Hertz’ ian 
contact area of Aye, = 0.50 mm? by assumption of only static 
mechanical load. 


HI. LONG-TERM TESTS WITH APPARENT BEARING CURRENT 
DENSITIES 


In order to check experimentally our assumptions and 
explanations of Section I, we investigated bearing currents 
with nine long-term tests between 935 and 30000 operating 
hours with rotor-to-ground bearing currents (Fig. 8) at 
different apparent bearing current densities J, from 0.1 A/mm? 
up to 1.2A/mm?. The operation time fop, until a bearing 
damage occurs, was measured. 

With an additional rotor grounding via a carbon brush and 
a grounding cable, HF CM rotor-to-ground bearing currents 
are caused. By changing the stator grounding cable length 
from motor housing to ground /,,. and the rotor grounding 
cable from rotor to ground Z, (Fig. 6), the amplitude of the 
rotor-to-ground bearing current is roughly adjustable. With 
additional capacitors Cyyqg= 150 pF ...470pF between the 
three stator winding phase terminals U, V, W and the motor 
housing the bearing current amplitude is increased further. 

Fig. 6 shows the equivalent capacitive circuit of the two 
investigated test benches (Fig. 7) with adjustable rotor-to- 
ground bearing currents. The bearing at the non-drive end 
(NDE) side is electrically insulated towards the bearing shield 
by a polyimide foil from type PPI 7011, which results in an 
insulation capacitance Cisonpe Of 2nF ... 5nF (Fig. 6). The 
400 V-grid operated PWM voltage source inverters without 
any output filters operate at a DC link 560 V and f = 10 kHz 
for 1.5 kW-IM and f = 4.5 kHz for 110 kW-IM, respectively. 
The test bearing at drive end (DE) side is also insulated 
(Cisne) towards the bearing shield, but the insulation is 
bridged by a short copper cable loop (Rips, Lmpr) to measure 
bearing currents via a current probe type PR50, Company 
LEM. Hence the rotor-to-ground bearing current iss = -ib DE 
flows exclusively through the test bearing. Table VI shows the 
analytically calculated parameters for the equivalent circuit of 
Fig. 6 for the 1.5 kW- and 110 kW-IM. Figure 7 shows the 
investigated test benches. An overview of the parameters for 
the apparent bearing current density tests with rotor-to-ground 
bearing currents is shown in Table VII. The radial and axial 
bearing load F,, F, at the 110 kW-induction motor were given 
by mechanical constraints at the motor. With the low rotor 
speed of n = 300 min” the bearing is at mixed friction, where 
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also circulating bearing currents occur in motors with frame 
size above 200 mm, but they are eliminated by the bearing 
insulation at the non-drive end side. The tested bearing, type 
6317 C3, has an average bearing diameter of dm= 132.5 mm 
which results in a specific speed value of n-dny 
= 39750 mm/min. The radial bearing force F,=2500N is 
calculated by the rotor weight and an estimated additional 
single sided eccentric magnetic pull. The axial bearing force 
F,= 1300 N is adjusted by an axial bearing spring. The sum of 
the Hertz’ian contact areas for all loaded balls is calculated to 
6.0 mm’. The ratio between the forces of the maximum loaded 
ball and lowest loaded ball is Qmax / Omin = 11.4. 

Starting from the parameters of the 110 kW-induction motor 
we chose the same specific speed value n-d,, for the small 
1.5kW-induction motors, which yields a rotor speed of 
1000rpm. For a similar load distribution inside the test 
bearing of type 6205 C3 with nine loaded balls, the radial and 
axial bearing forces were adjusted to F,=360N and 
F,= 170 N, respectively. The axial bearing force is adjusted by 
axial bearing springs. The radial bearing force is additional 
increased by two belts with pulleys at DE and NDE side. In 
Fig. 7 a) the three 1.5 kW-test motors are set up in a triangle, 
where the upper middle motor could be screwed upwards, 
until the desired radial bearing force is reached. The sum of 
the Hertz’ ian contact areas is calculated to 0.93 mm’, where all 
nine of the balls are loaded. 

stator winding 


Fig. 6. Equivalent capacitive circuit without stator winding inductance for 
HF AC CM currents during long-term tests with rotor-to-ground bearing 
currents at inverter-fed 1.5kW- and 110kW-induction motors. The test 
bearing is at drive end side. 


Figure 8 shows the results of the nine investigated long-term 
tests with rotor-to-ground bearing currents. The test duration 
of the three 1.5kW-IM is the operation time 4, until a 
subjective increase in audible noise was recognized, as it is 
often the case in practical operation. Afterwards the motors 
were stopped, the bearings were disassembled and with a 
reflecting-light microscope the bearing raceways showed 
fluting at minimum one of the three investigated motor test 
bearings (1.5 kW-test bench). Table VIII gives an overview of 
the apparent bearing current densities versus operation time fop 
in relation to a bearing damage with fluting at the inner or 
outer bearing raceway, whereas Table IX shows the 
corresponding bearing voltages Uj. 


TABLE VI. CALCULATED PARAMETERS FOR THE EQUIVALENT CIRCUIT 
OF FIG.6 FOR 1.5 KW- AND 110 KW-IM 

1.5 kW 110 kW 

Cape! Coir 3 nF / 30 pF 29.7 nF / 190 pF 

Cy / Ciso, NDE 607 pF / 2 nF 2570 pF / 4.9 nF 
Conde 60 pF 400 pF 
Rope 270 =3.60 

Rmpe / Line 6mQ / 55 nH 6 mQ / 55 nH 


a) > b) 
Fig. 7. Test benches for long-term tests with rotor-to-ground bearing 
currents with inverter-fed cage IM. a) Three 1.5 kW-IM, b) One 110 kW-IM. 


TABLE VII. OVERVIEW OF APPARENT BEARING CURRENT DENSITY TEST 
PARAMETER WITH ROTOR-TO-GROUND BEARING CURRENTS 


unit Test bench 1.5 | Test bench 110 
IM rated power kW 1.5 110 
bearing type - 6205 C3 6317 C3 
av. bearing dia. dn mm 38.5 132.5 
n: dm mm : rpm z= 39750 
rotor speed n rpm 1000 300 
radial bearing force F, N 360 2500 
axial bearing force F, N 170 1300 
CEP - 24 36 
Ahez mm? 0.93 6.0 
Orat Onin % 11.5 11.4 
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Fig. 8. Long-term tests at 1.5 kW- and 110 kW-induction motors with rotor-to-ground bearing currents at different apparent bearing current densities: 


The end of operation time 4.) was determined by increased audible noise at the bearing end shields due to bearing raceway deterioration. 
Grey marked rectangle: 1.5 kW-induction motor with an apparent bearing current of 0.35 A/mm? was stopped at 12 000 h without a bearing damage. 
The green marked diamond: 110 kW-induction motor was stopped at 30000 hours (calculated maximum life time of the used bearing grease) without 


damage at the bearing raceway. 
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V. CONCLUSION 


This paper shows different characteristic parameters to describe 
electrical bearing damage like apparent bearing current density 
J, bearing apparent power S, and electrical bearing stress. But 
due to statistical distributed bearing current occurrence and a 
few influencing operation conditions e.g. bearing temperature 
and mechanical vibrations, the characteristic parameters are not 
unrestricted valid for all applications. 

The investigated nine long-term tests with two different 
bearing sizes 6205 C3 and 6317 C3 show a dependency of 
apparent bearing current density versus bearing life time for 


TABLE VIII. RESULTS FOR LONG-TERM TESTS WITH ROTOR-TO-GROUND 
BEARING CURRENTS 
1.5 kW, It / RIK Oi» / top / Inner bearing 
Test-No. (A/mm?) . A h raceway 
1 1.19 1.10 0.19 935 Fluting 
2 1.13 1.05 0.11 1279 Fluting 
3 0.60 0.56 0.03 3584 Fluting 
4 0.35 0.33 0.03 | 11859 Still running 
110 kW, Outer bearing 
Test-No. raceway 
1 1.03 6.17 1.24 954 Fluting 
2 1.00 5.99 1.20 1149 Fluting 
3 0.35 2.12 0.43 2000 Fluting 
4 0.11 0.65 0.09 | 22382 Fluting 
5 0.13 0.79 0.13 | 30000 Grey race 
TABLE IX. MEASURED BEARING VOLTAGES AND STANDARD 
DEVIATIONS FOR LONG-TERM TESTS WITH ROTOR-TO-GROUND BEARING 
CURRENTS 
1.5 kW 110 kW 
Test-No. 0, / V Ow / V 0, / V Ow / V 
1 2.80 0.49 2.49 0.32 
2 3.25 0.33 2.50 0.29 
3 2.93 0.24 1.90 0.24 
4 2.25 0.31 2.26 0.43 
5 - - 2.09 0.14 


IV. CRITICISM ON CHARACTERISTIC PARAMETERS 


Occasionally there are deviations in the results which do not 
fit to the theory of operation time versus apparent bearing 
current density. Shown in Fig. 8 with #, = 0.11 A/mm? fluting 
occured within 22 300 hours, but with 0.13 A/mm? no fluting 
occured until 30 000 hours, which is the maximum lubricant 
life time. There are a few reasons why some bearings show 
earlier a bearing damage (fluting) under bearing current load 
within the same operation conditions than others. 

First of all a bearing damage under bearing current load is 

statistically distributed. Running three motors in parallel with 
the same apparent bearing current density and with the same 
bearing load and bearing temperature, one motor shows earlier 
a bearing damage than the others. Some parameters can 
influence and accelerate the bearing damaging process, e.g. an 
initial mechanical damage at the bearing raceway, polluted 
bearing lubricant or additional external mechanical vibrations 
[10]. These parameters are still under investigation. 
At low apparent bearing current densities f, < 0.3 A/mm? it is 
rather improbable for a fluting bearing damage by electrical 
bearing currents, but it is not impossible, as the case of 
0.11 A/mm? with fluting of the bearing raceway after 22 382 h 
showed. Above 0.7 A/mm? of apparent bearing current density 
the probability for an electrical bearing damage is increased to 
nearly 1.0, which means that in nearly all tests after a typical 
operation time ¢, = 2000h a fluting bearing damage will 
occur. 


P(J,) for fluting 


0 0.1 0.7 1.0 
Assumption of a probability distribution P(4,) for a bearing 
damage due to fluting on the bearing raceways in dependence to apparent 
bearing current density Jp. 


J, / (A/mm?) 
Fig. 9. 


rotor-to-ground bearing currents. 
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